ABSTRACT. Sauvagesia rhodoleuca (Ochnaceae) is an endangered plant that is endemic to southern China. The levels of genetic variation and patterns of population structure in S. rhodoleuca were investigated using inter-simple sequence repeat markers. Eleven primers were used to amplify DNA samples from 117 individuals, and a total of 92 loci were detected. Our results indicated that genetic diversity was quite low both at the species level (percentage of polymorphic bands (PPB) = 41.30%, Nei's gene diversity (h) = 0.1331, and Shannon information index (I) = 0.2028) and the population level (PPB = 16.30-28.26%, h = 0.0496-0.1012, and I = 0.0756-0.1508). A high level of genetic differentiation among populations was detected based on Nei's genetic diversity analysis (0.4344) and analysis of molecular variance (47.03%). The low genetic diversity within population and high population 8259 ©FUNPEC-RP www.funpecrp.com.br Genetics and Molecular Research 13 (4): 8258-8267 (2014) Genetic diversity in Sauvagesia rhodoleuca differentiation of S. rhodoleuca were assumed to result largely from limited gene flow, genetic drift, inbreeding, and clonal growth. Conservation strategies for this endangered species are proposed based on the genetic data.
INTRODUCTION
The World Conservation Union has recommended the conservation of intraspecific genetic variation as 1 of the 3 focal levels of biodiversity conservation (McNeely et al., 1990) . Genetic diversity is necessary for populations to evolve in response to future environmental change (Frankham et al., 2002) . The loss of genetic variation is usually accompanied by a reduction of the species' ability to cope with changes in the environment, which causes the species to become rare (Maki and Horie, 1999; Frankham et al., 2002) .
Endemic species with restricted geographic distributions have become a central concern of biologists that are faced with the problem of preserving rare species that are endangered by habitat destruction and fragmentation. Endemic species often exist in small and isolated populations. These populations are susceptible to losing their genetic diversity because of accelerated inbreeding and genetic drift, the reproductive ability and viability of the individuals within them can be reduced; additionally, their ability to adapt to environmental changes can be compromised, consequently leading to the extinction of these populations (Jeong et al., 2010) .
In principle, the genetic diversity and structure of plant populations are highly dependent on the population size, gene flow, and life cycle of a species (Nybom and Bartish, 2000) . Endangered plant species often exhibit low levels of genetic diversity because of genetic drift or bottleneck effects (Wei et al., 2005; Haque et al., 2010) , but they can also exhibit diverse levels of genetic variation because of different life history characteristics, distributions, and habitats (Feyissa et al., 2007; Verma and Rana, 2011) . The knowledge of population genetic diversity and structure can provide important information to understand the evolution of rare and endangered species and to plan for their conservation, for example, by identifying populations with the greatest evolutionary potential and best suited as a source material for ex situ preservation or reintroduction (Furches et al., 2009) . Therefore, to establish strategies to preserve an endangered species, the level of genetic diversity within and among populations should be studied in its distribution areas.
Sauvagesia rhodoleuca, a perennial dwarf shrub, is endemic to southern China. It only occurs in the Guangxi Zhuangzu Autonomous Region and Guangdong Province, occurring primarily in shady and moist habitats near streams and at an altitude of 200-800 m (Fen and Amaral, 1984) . Because of its high phylogenetic, ecological, and medicinal significance, it has attracted considerable attention. However, S. rhodoleuca is highly vulnerable to environmental changes (Liang, 2006) . According to a previous report (He and Li, 2005) and our field survey, the habitats of this species have been severely deteriorated and fragmented largely due to anthropogenic activities (e.g., deforestation, over-exploitation), and its natural populations have shrunk to small sizes. For example, most populations in this study were observed to have only 100-200 individuals (Table 1) . Thus, S. rhodoleuca has been listed in Category I of state protected key wildlife in China (The State Forestry Administration and Ministry of Agriculture, 1999) . Previous studies on S. rhodoleuca have mainly focused on its biological characteristics (Liang, 2006) , seed germination and vegetative propagation using cuttings (Zeng et al., 2010) . However, the genetic diversity within and among S. rhodoleuca populations has not been investigated.
Inter-simple sequence repeats (ISSRs) are highly variable, exhibit Mendelian inheritance, and have been used widely in population genetic studies because they require less time, money, and labor than other markers to analyze (Gupta et al., 1994; Wolfe and Liston, 1998; Harris, 1999) . In our study, ISSR markers were applied to detect the genetic diversity of S. rhodoleuca across its main current geographic range. Our principle objectives were 1) to assess levels of genetic diversity of natural populations, 2) to examine the degree of differentiation among populations, and 3) to provide basic information for establishing management practices to preserve this endangered species.
MATERIAL AND METHODS

Plant materials
According to previous records, S. rhodoleuca was discovered in Rongshui, Luocheng, Huanjiang, Jinxiu, and Debao County, Guangxi Zhuangzu Autonomous Region, and Huaiji, Fengkai, and Lianshan County, Guangdong Province (Fen and Amaral, 1984; Wang et al., 1994) . However, only 5 populations ( Figure 1 and Table 1 ) can be found at present, and the other 3 populations ultimately became extinct between the last records and when we sampled the regions in 2008. Young leaves were collected from 21 to 24 individuals in each population, and the distances between neighboring plants were at least 3-5 m apart to avoid sampling from the same rhizomes. The leaf tissues were stored in ziplock bags with silica gel and transported back to the laboratory for DNA extraction. 
DNA extraction
Genomic DNA was extracted using the cetyltrimethylammonium bromide (CTAB) method (Doyle and Doyle, 1988) . DNA quality and quantity were determined on 1.0% agarose gels. The DNA samples were diluted to 20 ng/mL and stored at -20°C until further analysis.
ISSR-polymerase chain reaction (PCR) amplification
The ISSR primers that were used in this study were synthesized by Shanghai Sangon Biological Engineering Technology and Service Co., Ltd. according to the primer set of University of British Columbia (http://www.michaelsmith.ubc.ca/services/NAPS/Primer_Sets/Primers_ Oct2006.pdf). One hundred primers were initially screened for PCR amplification, and 11 of them that yielded clear and reproducible banding patterns were selected for final analyses (Table  2) . PCR amplification was repeated for the 11 primers to check the stability and reproducibility of ISSR fragments. PCR amplification was carried out in a total volume of 20 µL, containing 20 ng genomic DNA, 0.4 µM primer and 10 µL 2X Taq PCR MasterMix (0.1 U Taq Polymerase/µL, 0.5 mM of each dNTP, 3.0 mM MgCl 2 , 20 mM Tris-HCl, pH 8.3, 100 mM KCl) (Tiangen Biotech, China). PCR amplification was performed in a Biometra TProfessional Thermocycler with the following protocol: 5 min at 94°C; 35 cycles of 30 s at 94°C, 45 s at 52°C, and 90 s at 72°C; and a final 7-min extension step at 72°C. The negative control was run by replacing template DNA with ddH 2 O to test for the possibility of contamination. Amplification products were electrophoresed on 1.8% agarose gels, stained with ethidium bromide, visualized under ultraviolet light, and photographed. Molecular weights were estimated using a 100-bp DNA ladder (Takara Biotech).
Data analysis
ISSR-amplified bands were scored as 1 (present) or 0 (absent). Only those amplified fragments that were clear and reproducible were included in the analysis. The resulting binary data matrix was analyzed using POGENE Version 1.32 (Yeh et al., 1997) . The genetic diversity within and among populations was measured by the percentage of polymorphic bands (PPB), observed number of alleles (N A ), effective number of alleles (N E ), Nei's gene diversity (h), and Shannon's information index (I). The genetic differentiation among populations was estimated by the gene differentiation coefficient (G ST ) (Nei, 1973) . The gene flow (N m ), the average number of migrants that were exchanged among populations per generation, was estimated as N m = (1 / G ST -1) /4 (McDermott and McDonald, 1993) . All of these calculations assumed that populations are in Hardy-Weinberg equilibrium. The genetic divergence between populations was estimated by unbiased genetic distances and genetic identities (Nei, 1972 GX = Guangxi Zhuangzu Autonomous Region; GD = Guangdong Province. These distances were used to construct an unweighted pair group method with arithmetic mean (UPGMA) dendrogram using NTSYSpc 2.02 (Rohlf, 1998) . Analysis of molecular variance (AMOVA) was performed using squared Euclidean distances to partition genetic diversity within and between populations. All analyses were carried out using WINAMOVA 1.55 (Excoffier and Hamrick, 1993) . Input files for this program were generated using AMOVA-PREP. The significance was tested using 1000 permutations. To test the correlation between genetic and geographic distances (km) among populations, a Mantel test was performed using tools for population genetic analyses (Miller, 1997) with 999 permutations.
RESULTS
Genetic diversity
From the 117 individuals of S. rhodoleuca from 5 populations, the 11 selected primers generated 92 unambiguous and reproducible bands. Of these, 38 bands were polymorphic (PPB = 41.30%). Each primer yielded between 6 and 12 bands (Table 2) , ranging in size from 200 to 2200 bp. At the species level, the genetic diversities that were measured by N A , N E , h, and I were 1.4130, 1.2220, 0.1331, and 0.2028, respectively (Table 3) N A = observed number of alleles per locus; N E = effective number of alleles per locus; h = expected heterozygosity; I = Shannon's information index; PPB = percentage of polymorphic bands. 
Genetic differentiation
The genetic differentiation (G ST ) among populations was 0.4344, which indicates that 43.44% of the genetic variability is among populations, and 56.56% is within populations. These are comparable with the variance partitions among and within populations from AMOVA (Table 4 ). The gene flow was estimated to be low (N m = 0.6511). Table 5 presents Nei's genetic identities and genetic distance for all population pairs. The highest genetic distance was 0.1301 between populations RS and JX, while the lowest was 0.0508 between JX and FK. The UPGMA dendrogram shows that the 5 populations form 2 major clusters, with JX and FK in one cluster and RS, DB, and LS in another (Figure 2) . Among the population pairs, the geographic distance between FK and LS was the shortest (86.8 km), but they are not grouped into a cluster; while the distance is the longest between DB and LS (560.3 km), yet they are grouped into one cluster. Thus, the UPGMA tree does not show a correlation between geographic and genetic distances, which is comparable with the result from the Mantel test that did not detect a significant correlation between geographic and genetic distances (r = -0.3743, P = 0.2120). For population abbreviations, see Table 1 .
Genetic relationship among populations
DISCUSSION
Genetic diversity and differentiation
Many studies have demonstrated that endangered and endemic species tend to possess low levels of genetic diversity, whereas some others have shown the opposite findings. In this study, our results show that genetic diversities at the species level in S. rhodoleuca are relatively low (PPB = 41.30%, h = 0.1331, and I = 0.2028). These are similar to those that were reported for some endangered and endemic species in China that were revealed by ISSR, such as Ceratopteris pteridoides (PPB = 44.8%, h = 0.14, and I = 0.21) (Dong et al., 2007) , Omphalogramma souliei (PPB = 42.53%, h = 0.1135, and I = 0.1762) (Huang et al., 2009) , and Sinopodophyllum hexandrum (PPB = 38.85%, h = 0.092, and I = 0.142) (Xiao et al., 2006) . However, they are lower than the findings for some other endangered plants, such as Cupressus chengiana (PPB = 99%, h = 0.3120, and I = 0.4740) (Hao et al., 2006) , Magnolia officinalis (PPB = 83.2%, h = 0.342, and I = 0.496) (Yu et al., 2011) , and Primula merrilliana (PPB = 79.56%, h = 0.25, and I = 0.38) (Shao et al., 2009) . S. rhodoleuca is an endemic species that is found only in a few special locations of Guangxi and Guangdong Province in China. Our results reinforce the hypothesis that endangered species with a narrow distribution are genetically depauperate.
In this study, our data show that the genetic diversities measured by PPB, h, and I at the population level are 21.96%, 0.0758, and 0.1135, respectively, and the genetic differentiation or variability that is attributable to the populations is 43.44% based on G ST and 47.03% based on AMOVA. The genetic structure of plant populations depends on the interactions of various factors, including the long-term evolution history of the species (shifts in distribution, habitat fragmentation, and population isolation), genetic drift, mating system, gene flow, and natural selection (Schaal et al., 1998) . The low within-population genetic diversity and high among-population genetic differentiation of S. rhodoleuca were assumed to result largely from limited gene flow, genetic drift, inbreeding, and clonal growth, which are discussed in the following paragraphs.
Gene flow is considered the main factor that could homogenize the population genetic structure (Slatkin, 1987) . Generally speaking, species with low gene flow have a higher genetic differentiation than those with high gene flow. Differentiation among populations with N m < 1.0 would mainly result from the limited gene flow in a condition of high selective pressure or discontinuous distributions (Slatkin, 1987) . In our study, N m among the S. rhodoleuca Nei's (1972) genetic distances between populations of Sauvagesia rhodoleuca. For population abbreviations, see Table 1. populations was estimated at 0.6511, indicating a high degree of genetic differentiation among populations. S. rhodoleuca is a habitat-restricted species; it is exclusively confined to thick forests near valleys and streams, and it cannot tolerate high light and drought (Fu, 1992) . Its fragmented habitat and isolated populations have reduced gene flow among populations. In this study, the smallest inter-population distance was 86.8 km; this largely hindered gene flow via seed and pollen dispersal among populations. Its seeds are oval and relatively small in size (length = 0.152 mm, diameter = 0.068 mm, weight per 1000 seeds = 0.631 g) and are spread mainly by gravity or attachment to animal coats. Although this mechanism is probably effective for short-range dispersal, it might not be effective for gene exchanges between distant populations. Therefore, populations of S. rhodoleuca appear to be acting as independent evolutionary units because of limited gene flow.
Genetic drift and inbreeding may be other factors that lead to low intra-population genetic diversity and high inter-population genetic differentiation. According to our field observations, populations of S. rhodoleuca are dramatically shrinking in China because of heavy deforestation and extensive habitat loss in the past decades. It was previously reported that there was a distribution of S. rhodoleuca in Huangjiang and Luocheng County in Guangxi (Wang et al., 1994 ), but we failed to locate the species in these areas. The size of the natural populations of S. rhodoleuca has also decreased (He and Li, 2005) , with current population sizes in the range of several hundred individuals. The species has been gradually fragmented into small, island-like populations. Two major genetic consequences of small population size for long periods of time are high levels of genetic drift and inbreeding (Ellstrand and Elam, 1993) . The Mantel test showed there was no correlation between geographic and genetic distance among S. rhodoleuca populations. As discussed in other studies (Fischer et al., 2000) , the absence of such a correlation suggests an important role for genetic drift in S. rhodoleuca, which agrees with the observed high differentiation among populations. Actually, there was a correlation between population size and genetic diversity in S. rhodoleuca. The population size of FK is the smallest of the 5 populations studied, and we detected the lowest genetic diversity here. Conversely, population RS was the largest population, and it retained the highest genetic diversity. It appeared that some inbreeding had occurred within populations of this species.
Clonal growth may also partly account for the low within-population genetic diversity and high among-population genetic differentiation. Generally, asexually reproducing species exhibit low levels of population genetic diversity, whereas sexually reproducing species show high levels of genetic variation (Loveless and Hamrick, 1984) . A consequence of clonal growth is reduced sexual reproduction of outcrossing species and increased inbreeding rates in self-compatible plants (Frankham et al., 2002) . In our field survey, we observed that S. rhodoleuca produced buds from rhizomes that developed into new plantlets. Clonal growth can significantly decrease the effective population size and hence contribute to the loss of genetic diversity and genetic differentiation via increased levels of genetic drift and inbreeding (Erickson and Hamrick, 2003) .
Implications for conservation
The ultimate goal of conservation is to ensure the continuous survival of populations and to maintain their evolutionary potential. Information on current levels of genetic diversity of threatened and endangered species is essential for designing appropriate strategies for conservation (Hamrick and Godt, 1989; Francisco-Ortega et al., 2000) . Based on the genetic diversity and genetic differentiation, the following efficient and practical conservation strategies for the endangered species S. rhodoleuca are suggested. First, considering the high genetic differentiation and the limited gene flow in this species, the conservation strategy should aim to preserve all of the extant populations so that most of the genetic variability can be conserved. Because this species is highly vulnerable to environmental changes, and habitat fragmentation and small population sizes make it susceptible to the loss of genetic diversity, in situ conservation efforts should place more emphasis upon the protection of its habitats. Second, ex situ conservation based on seed harvest should be carried out. Germplasm resources should be established with seeds from multiple sources with the purpose of capturing most of the genetic variability for future artificial cultivation. Third, reintroduction is recommended for most of the populations that express a decline tendency (Chai et al., unpublished data) . Artificially propagated plants that are recruited from local seed sources are more likely to exhibit increased fitness than non-local genotypes in particular environments. Consequently, we suggest that care should be taken to separate seedlings from different populations and reintroduce seedlings only into their original parental localities. Considering the critical situation of S. rhodoleuca, probably the safest way to preserve the species is through a combination of all of these approaches.
